Guinea pig gastric pit cells express an isozyme of gp91-phox, mitogen oxidase 1 (Mox1), and essential components for the phagocyte NADPH oxidase (p67-, p47-, p40-, and p22-phox). Helicobacter pylori lipopolysaccharide (LPS) and Escherichia coli LPS have been shown to function as potent activators for the Mox1 oxidase. These cells spontaneously secreted about 10 nmol of superoxide anion (O 2 ؊ )/mg of protein/h under LPS-free conditions. They expressed the mRNA and protein of Toll-like receptor 4 (TLR4) but not those of TLR2. LPS from type I H. pylori at 2.1 endotoxin units/ml or higher stimulated TLR4-mediated phosphorylations of transforming growth factor ␤-activated kinase 1 and its binding protein 1 induced TLR4 and p67-phox and up-regulated O 2 ؊ production 10-fold. In contrast, none of these events occurred with H. pylori LPS from complete or partial deletion mutants of the cag pathogenicity island. Lipid A was confirmed to be a bioactive component for the priming effects, while removal of bisphosphates from lipid A completely eliminated the effects, suggesting the importance of the phosphorylation pattern besides the acylation pattern for the bioactivity. H. pylori LPS is generally accepted as having low toxicity; however, our results suggest that type I H. pylori lipid A may be a potent stimulator for innate immune responses of gastric mucosa by stimulating the TLR4 cascade and Mox1 oxidase in pit cells.
Helicobacter pylori infection causes type B chronic gastritis, peptic ulcer diseases, and lymphomas of the mucosa-associated lymphoid tissue and is an important risk factor for gastric carcinoma (5, 27, 28) . H. pylori strains are grouped into two families, type I and type II. Patients with the gastric lesions are most often infected by type I strains that are characterized by the presence of the cytotoxin-associated gene A (cagA) and the vacuolating cytotoxin gene A (vacA) (39) .
Type I strains have not only the cagA gene but also an insertion of approximately 40 kb of foreign DNA, named the cag pathogenicity island (PAI). These genes are now recognized as transmissible DNA that encodes virulence factors and maps to the chromosome of pathogenic organisms. The H. pylori cag PAI contains 31 genes, including cagA (8) . Among the cag PAI genes, cagE (picB), cagG, cagH, cagI, cagL, and cagM are involved in the activation of nuclear factor B (NF-B) and stimulation of interleukin 8 (IL-8) secretion (16, 31) . Six of the cag PAI genes code for the core subunits of the type IV export machinery that can transfer CagA protein into host epithelial cells, and translocated CagA has been shown to be tyrosine phosphorylated by host cells (3, 10, 25, 32) . Deletion of the complete cag PAI, partial deletions, insertions, and rearrangements within the cag PAI have been proposed as the basis for modified or reduced virulence.
Compared with these virulent factors, H. pylori lipopolysaccharide (LPS) has been believed to be less toxic (3, 21) , since 1,000-to 10,000-times-higher concentrations of H. pylori LPS are required for activation of host spleen cells or macrophages than of LPS from Salmonella enterica or Escherichia coli (20, 21, 29) . In addition to having lower immunological activities, H. pylori LPS contains Lewis blood antigens, and the molecular mimicry has been proposed to camouflage and allow colonization to persist chronically. Recently, we showed that cultured guinea pig gastric pit cells express mitogen oxidase 1 (Mox1), a non-phagocyte-specific isozyme of gp91-phox, as well as p67-, p47-, p40-, and p22-phox, and that they spontaneously produce a large amount of superoxide anion (O 2 Ϫ ) (35) (36) (37) . H. pylori LPS markedly up-regulated the oxidase in association with the induction of Mox1, p67-phox, and p22-phox (36, 37) . This enhanced O 2 Ϫ production could activate NF-B in pit cells themselves (35, 36) , suggesting that H. pylori LPS and Mox1 play important roles in the initiation of mucosal cell responses against H. pylori infection.
Toll-like receptors (TLRs) have been characterized as a family of mammalian homologs of Drosophila Toll. Among the TLR family members, TLR4 confers responsiveness to LPS from gram-negative bacterial, while TLR2 responds to yeast or gram-positive bacterial cell wall components, such as lipoproteins (1, 34) . The TLR4 mRNA is ubiquitously expressed in various types of cells and has been suggested to play an important role in various pathological conditions (1, 6, 7, 12, 13, 34) .
Using LPS-free cultures of guinea pig gastric mucosal cells, we found that H. pylori LPS stimulated distinct signaling pathways of TLR4 and activated Mox1, expressed in gastric pit cells. Our results also suggested that the cag PAI genes may be crucial for the synthesis of bioactive lipid A molecules that stimulate TLR4-mediated intracellular events in gastric pit cells.
were kindly provided by K. Miyake (Saga Medical School, Saga, Japan) and B. M. Babior (The Scripps Research Institute, La Jolla, Calif.), respectively. A monoclonal antibody against actin was purchased from Oncogene Research Products (Cambridge, Mass.). The level of p67-phox was measured by immunoblot analysis as described previously (36, 37) . A polyclonal antibody was made by immunizing rabbits with the synthetic peptide corresponding to residues 295 to 310 of human TLR2. The resultant serum was further purified by affinity chromatography with the synthetic peptide-conjugated agarose. A membrane fraction was prepared as previously described (36) . The amounts of TLR2 and TLR4 in the membrane fraction were determined by Western blot analysis with the anti-TLR2 and HTA1216 or HTA125 antibodies, respectively. For detection of transforming growth factor ␤-activated kinase 1 (TAK1) and TAK1-binding protein 1 (TAB1), cellular proteins were prepared in the presence of inhibitors of proteases and phosphatases as described previously (30) . Phosphorylation of the proteins was also confirmed by treatment with 5 U of bacterial alkaline phosphatase as previously described (30) . Each sample was separated by SDSpolyacrylamide gel electrophoresis (PAGE) in a 7.5% polyacrylamide gel and transferred to a polyvinylidene difluoride filter. After blocking with 4% purified milk casein, the filter was incubated for 1 h at room temperature with a 1:500 dilution of polyclonal antibody against amino acid residues 554 to 579 of mouse TAK1 or residues 480 to 500 of human TAB1 (gifts from K. Matsumoto, Nagoya University, Nagoya, Japan). Bound antibodies were detected by an enhanced chemiluminescence system (Amersham Pharmacia, Piscataway, N.J.).
Detection of TLR2 and TLR4 transcripts. Total RNA was isolated from guinea pig gastric mucosal cells and guinea pig peripheral blood lymphocytes (PBL) with an acid guanidinium thiocyanate-phenol-chloroform mixture (9) . Reverse transcriptase (RT)-PCR was done to detect the TLR2 and TLR4 transcripts using the following PCR primer sets: TLR2, 5Ј-GTCCAGGAGCTG GAGAACT-3Ј and 5Ј-GGAACCTAGGACTTTATCGCA-3Ј; TLR4, 5Ј-TC ACCTGATGCTTCTTGCTG-3Ј and 5Ј-AGTCGTCTCCAGAAGATGTG-3Ј. The resultant PCR products separated on an agarose gel were purified, ligated into a pCR2.1-TOPO vector (Invitrogen, Carlsbad, Calif.), and transformed into JM109 cells. Transformed plasmids containing the appropriate insert DNA were selected and sequenced with a DNA sequencer (model ABI 377; PE Biosystems Japan, Tokyo, Japan).
For measurement of the TLR4 mRNA level, total RNA (8 g per lane) was subjected to electrophoresis in a 1% agarose gel and transferred to a nylon filter. After prehybridization, the membrane was hybridized for 4 h at 60°C in a Rapid Hyb buffer (Amersham Pharmacia) containing the amplified TLR4 cDNA or a cDNA probe for human glyceraldehyde-3-phosphate dehydrogenase (GAPDH ATCC 57494; American Type Culture Collection, Rockville, Md.). These probes were prelabeled with [␣-32 P]dCTP using a random primer kit (Amersham Pharmacia). The membrane was washed twice with 2ϫ SSC containing 0.5% SDS for 10 min at 65°C and then three times with 0.2ϫ SSC containing 1% SDS. Bound probes were autoradiographed by exposure to Kodak X-Omat film for an appropriate time at Ϫ80°C.
RESULTS

Effects of H. pylori on O 2
؊ production. Guinea pig gastric pit cells, cultured under the conditions used in our previous study, spontaneously released about 50 nmol of O 2 Ϫ /mg of protein/h (36). The basal rate of O 2 Ϫ production decreased to 11 Ϯ 2 nmol/mg of protein/h (mean Ϯ standard deviation [SD] , n ϭ 12) in the LPS-free system used in the present study (Fig. 1A) . According to the results of PCR and Southern blot analyses, H. pylori 1, 2, and 3 were vacA-positive and cag PAI-positive strains (type I). H. pylori 5 and 6 were determined to be vacApositive and cag PAI-negative strains (type II). H. pylori 4 was identified as a mutant with a partial deletion of cag PAI (Table  1) . When gastric mucosal cells were cocultivated with NCTC 11637 or one of the clinical isolates, NCTC 11637, H. pylori 1, and H. pylori 3 significantly enhanced O 2 Ϫ production 1.5-, 1.5-, and 4.7-fold, respectively, while H. pylori 2, 4, 5, and 6 had no effect on it (Fig. 1A) .
Next, the culture supernatant of each H. pylori strain was prepared and added to the cells. 1.7-, 1.8-, and 9.3-fold, respectively, while those of H. pylori 2, 4, 5, and 6 had no effect on O 2 Ϫ production (Fig. 1B) . The stimulatory effects of supernatants could not be eliminated by boiling, and the amount of LPS contamination in each supernatant, except for that in the culture supernatant of H. pylori 4, roughly correlated with the magnitude of the stimulatory action ( Fig. 1C) , suggesting that LPS possibly produced by autolysis of the bacteria might be a crucial up-regulator for O 2 Ϫ production.
Effects of H. pylori LPS on O 2 ؊ production. As listed in Table 1 , the specific Limulus activities of LPSs from cag PAInegative strains (H. pylori 5 and 6) were 4,300 to 420,000 times lower than those from the type I H. pylori strains. Gastric mucosal cells were treated for 24 h with different concentrations of H. pylori 1 LPS (0.21 to 2,100 mEU/ml) or E. coli (0.03 to 344 mEU/ml). H. pylori 1 LPS at 2.1 EU/ml (19.3 ng/ml) or higher significantly enhanced O 2 Ϫ production, and the 50% effective concentration (EC 50 ) was calculated to be 8 EU/ml. In response to 21 EU of H. pylori 1 LPS per ml, O 2 Ϫ production began to increase within 8 h and reached a maximum level of 105 Ϯ 2 nmol of O 2 Ϫ /mg of protein/h (mean Ϯ SD, n ϭ 12) at 24 h. The pit cell oxidase was more sensitive to E. coli LPS (EC 50 , 0.3 EU/ml). E. coli LPS at 3.4 EU/ml (10 ng/ml) upregulated O 2 Ϫ production in a similar time course, and the level had increased to 109 Ϯ 3 nmol of O 2 Ϫ /mg of protein/h (n ϭ 12) at 24 h.
The culture supernatant of H. pylori 4 contained 16.8 EU of LPS per ml, whereas the supernatant could not up-regulate the production of O 2 Ϫ . The specific Limulus activity of H. pylori 4 was similar to those of type 1 H. pylori LPSs (Table 1) . However, the stimulatory actions of H. pylori 1 and H. pylori 4 LPSs on O 2 Ϫ production were markedly different: the EC 50 for H. pylori 4 LPS (210 EU/ml) was 26 times higher than that of H. pylori 1 LPS (Fig. 2A) . Thus, the priming effect of H. pylori LPS did not simply correlate with its specific Limulus activity.
Compared with H. pylori 1 and 3, live H. pylori 2 and its culture supernatant exhibited lower priming effects on O 2 Ϫ production. However, treatment with 21 EU of LPSs from all of the type I strains (H. pylori 1, 2, and 3) per ml similarly increased the O 2 Ϫ production about 10-fold (Fig. 2B ). On the other hand, LPS of H. pylori 5 or 6 increased the rate less than 2-fold, and H. pylori 4 had no effect (Fig. 2B ). In the cases of H. pylori 5 and 6, much higher concentrations of H. pylori 5 LPS (15 mg/ml) and H. pylori 6 LPS (1.2 mg/ml) were added; therefore, they might have nonspecifically increased the production.
The diversity of the bioactivity of each LPS was also confirmed by host cell response. Consistent with the results of a previous study (37) , treatment with H. pylori 1 LPS significantly increased the levels of Mox1 and p67-phox 1.4-and 4.6-fold, respectively, while it did not change the p47-phox level (data not shown). The stimulatory action of each LPS on O 2 Ϫ production coincided with its p67-phox-inducing capability; treatment with 21 EU of LPS from H. pylori 1, 2, or 3 per ml for 24 h significantly induced p67-phox in the cells, while H. pylori 4, 5, and 6 had no effect on the expression (Fig. 2C) . 
Identification of bioactive component of H. pylori LPS.
H. pylori LPS consists of a lipid A region, an OS region, and polysaccharide chains that are also known as O antigen chains (4). Breakage of lactosaminoglycan chains in the polysaccharides of H. pylori 1 and E. coli LPS by endo-␤-galactosidase did not affect the priming effect (data not shown). On the other hand, polymyxin B, which is known to bind to the lipid moiety of LPS and inactivates its activity, inhibited the LPS action in a dose-dependent manner; the 50% inhibitory concentrations for H. pylori 1 and E. coli LPS were determined to be 5.0 ϫ 10 Ϫ5 and 2.0 ϫ 10 Ϫ6 g/ml, respectively. LPS was separated into free lipid A and a polysaccharide fraction by boiling in acetate buffer. The specific Limulus activity of each lipid A is listed in Table 1 . The EC 50 s for the priming effect of lipid A from H. pylori 1 and E. coli were calculated to be 0.9 and 0.01 EU/ml, respectively (Fig. 3A and   B ). As shown in Fig. 3D, lipid A from H. pylori 1 or E. coli stimulated p67-phox induction. In contrast, their polysaccharide fractions did not change the O 2 Ϫ production (Fig. 3C ) or induce p67-phox (Fig. 3D) component for the priming effect. We also confirmed that excess amounts of lipid A from H. pylori 5 (4.5 mg/ml) and H. pylori 6 (0.52 mg/ml) neither increased the O 2 Ϫ production nor induced p67-phox (data not shown).
Treatment with lipid A (20 EU/ml) from H. pylori 1 for 24 h increased the O 2 Ϫ release from 10 Ϯ 3 to 107 Ϯ 9 nmol/mg of protein/h (mean Ϯ SD, n ϭ 12). Removal of bisphosphates from lipid A by treatment with HF for 48 h at 4°C completely abolished the priming effect, and the O 2 Ϫ production remained at the basal level (16 Ϯ 4 nmol/mg of protein/h, n ϭ 12). We also confirmed that treatments of H. pylori 1 LPS, E. coli LPS, and E. coli lipid A with HF completely block their priming effects (data not shown).
Expression of TLR4 in guinea pig gastric mucosal cells. As shown in Fig. 4 , RT-PCR amplified a transcript corresponding to the TLR4 mRNA in guinea pig gastric mucosal cells as well as guinea pig PBL. DNA sequencing showed that the amplified product of gastric mucosal cells had 90% DNA sequence identity to the human TLR4 cDNA (bp 2132 to 2596, GenBank accession number U88880). Northern blot analysis showed that gastric mucosal cells expressed a significant amount of the TLR4 mRNA with a molecular size of 5 kbp and that H. pylori 1 LPS stimulated the mRNA expression within 4 h (Fig. 4B) . The increased TLR4 mRNA expression resulted in the accumulation of TLR4 protein (Fig. 4C) . We also examined whether gastric mucosal cells expressed another candidate for an LPS receptor, TLR2 (40) . As shown in Fig. 5 , RT-PCR analysis did not amplify the TLR2 transcript, and TLR2 protein was not detected by Western blot analysis. These results suggested the importance of TLR4 in the cellular responses to H. pylori LPS.
Phosphorylation of TAK1 and TAB1 in guinea pig gastric mucosal cells. To confirm that TLR4-mediated signals were evoked by H. pylori LPS, we examined whether H. pylori LPS could induce phosphorylation of TAK1 and TAB1, which are known to be common signal transmission molecules for TLR and IL-1 receptor signal cascades (17, 24) . As shown in Fig. 6A and B, H. pylori 1 LPS phosphorylated TAK1 and TAB1. Furthermore, the stimulatory action of each LPS on O 2 Ϫ production coincided with its TAK1-and TAB1-phosphorylating activities; H. pylori 1 and E. coli LPSs could induce their phosphorylations ( Fig. 6A and B) , while LPS from H. pylori 5 and 6 could not (Fig. 6A and B) , suggesting that H. pylori LPS may stimulate O 2 Ϫ production by activating TLR4-mediated signal pathways.
DISCUSSION
Recently, several novel isozymes of gp91-phox expressed in nonphagocytic cells, including Mox1 (33), Renox (15) , and Thox proteins (11), have been molecularly identified. Among these nonphagocytic oxidases, the pit cell oxidase Mox1, whose O 2 Ϫ -producing capacity is equivalent to that of macrophages (35) (36) (37) , is the most potent one. Mox1-derived O 2 Ϫ and related oxygen intermediates are thought to play crucial roles in the initiation of inflammatory and immune responses as well as in the regulation of cell growth (33, 35, 36) . It is particularly important to identify the regulator(s) of Mox1 activity. H. pylori does not attach to guinea pig gastric mucosal cells; therefore, our system is an excellent model for studying the contact- ) were subjected to electrophoresis in a 6% polyacrylamide gel. Lane 1 shows molecular weight (MW) standard markers, and lane 6 contains PCR products from GMC without RT reaction as a negative control (NC). (B) After cells had been treated with 21 EU of H. pylori 1 LPS per ml for the indicated times, total RNA (8 g per lane) was separated in a 1% agarose gel. Northern hybridization with the cDNA probe for TLR4 or GAPDH was performed as described in Materials and Methods. (C) Membrane proteins were prepared from GMC and guinea pig PBL, as described in Materials and Methods, and immunoblot analysis with an antibody against TLR4 was performed. The bound antibodies were then removed by rinsing the membranes for 15 min at 50°C in 60 mM Tris-HCl buffer containing 0.1 mM 2-mercaptoethanol and 2% SDS. The membrane was again subjected to immunoblotting with an antibody against actin. The levels of TLR4 and membrane-associated actin were quantified by laser densitometry, and the TLR4/actin ratios are expressed as means Ϯ SD (n ϭ 4). #, significant increase compared with untreated control cells (P Ͻ 0.05 by analysis of variance and Scheffé's test).
independent interactions between gastric epithelial cells and the gram-negative bacterium. We had studied the effects of growth factors (epidermal growth growth factor and transforming growth factor ␤), cytokines (gamma interferon, tumor necrosis factor alpha, IL-1, IL-3, and IL-6), histamine, carbacol, and phorbol 12-myristate 13-acetate on the oxidase activity; however, none of them were able to up-regulate O 2 Ϫ production (reference 36 and data not shown). Finally, we had found that guinea pig gastric mucosal cells were sensitive to H. pylori LPS, as was found in the case of E. coli LPS, and that they increased the rate of O 2 Ϫ production in association with the induction of Mox1, p67-phox, and p22-phox (37) . Although quiescent gastric mucosal cells maintained in an LPS-free culture system were more sensitive to E. coli LPS than to an H. pylori one, H. pylori LPS appears to be a more important up-regulator relevant to gastric pathophysiology.
H. pylori frequently changes its LPS molecule depending on the culture conditions (20) and passages (19) . The complete genome sequencing of H. pylori provided a genetic basis for understanding the biological processes. It is known that H. pylori genomes, especially those encoding the outer membrane proteins or enzymes for LPS synthesis, are diverse (14) . However, this information is limited to the biosynthesis of Lewis antigens in the O-polysaccharide regions, such as the ␣1,3-fucosyltransferase gene (2) . Lipid A, but not polysaccharides, was determined to be a bioactive component on Mox1, while the molecular basis for biosynthesis of H. pylori lipid A is not fully understood. According to the information on synthetic E. coli-like lipid A, phosphate patterns, the numbers of acyl chains, and fatty acid compositions are important for the full expression of a range of biological activities (20) . For example, lipid A composed of bisphosphates and hexaacyl chains is more toxic than that composed of monophosphate and tetraacyl chains (18) . H. pylori synthesizes two types of lipid A molecules: hexaacyl-and tetraacyl-lipid A (19, 20) . Hexaacyl-lipid A has two phosphorylates or phosphorylethanolamines on the lipid A disaccharide backbone, while tetraacyl-lipid A contains only one phosphate. The toxicity of H. pylori tetraacyl-lipid A on human monocytes is about fourfold lower than that of the hexaacyl form (26) . It has been reported that dephosphorylation of H. pylori LPS did not alter the priming activity on neutrophils (23), while our results suggest that the phosphorylation pattern of lipid A, rather than its acylation pattern, may be more important for the priming activity on gastric mucosal cells.
The present novel approach has clearly demonstrated that the presence of cag PAI genes is crucial for the stimulatory actions of H. pylori LPS of the Mox1 oxidase. The proteins encoded by the cag PAI genes contain motifs found in bacterial proteins, such as translocases, sensors, permeases, flagellumassembling proteins, and components of the type IV secretion machinery (14) . At present, there is no evidence that the cag PAI genes directly participate in the synthesis of bioactive lipid A molecules. Furthermore, multiple genes and environmental factors appear to be involved in the synthesis of H. pylori LPS; therefore, the genomic and molecular bases for the linkage between the cag PAI genes and synthesis of bioactive lipid A remain to be elucidated.
Consistent with the results of other studies (20, 21, 29) , H. pylori 1 LPS at concentrations up to 210 EU/ml did not enhance O 2 Ϫ production from murine peritoneal macrophages stimulated by phorbol 12-myristate 13-acetate (data not shown). Therefore, we examined whether H. pylori LPS could actually stimulate TLR4 on gastric mucosal cells. TLR2 has been suggested to be another possible candidate for an LPS receptor (40) , but the TLR2 mRNA and its protein were not detected in gastric mucosal cells. Furthermore, a typical TLR2 ligand, Staphylococcus aureus peptidoglycan (34), did not enhance the O 2 Ϫ production or TAK1 phosphorylation (data not shown). On the other hand, type I H. pylori LPS could stimulate the TLR4 mRNA expression in gastric mucosal cells, as was observed in TLR4-expressing cells exposed to bacterial LPS (13, 22) . In addition, type I H. pylori LPS, but not type II H. pylori LPS, could activate TAK1 and TAB1 and up-regulate the expression of Mox1 and p67-phox (Fig. 2C) , suggesting that TLR4-dependent pathways may, at least partially, play a crucial role in the up-regulation of the pit cell oxidase.
The present results suggest that TLR4 and Mox1 oxidase in pit cells may mediate the interactions between the gram-negative bacterium and host epithelial cells, initiating inflammatory and immune responses against H. pylori infection.
